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A fundamental issue in evolutionary biology is explaining the extraordinary diversity of coloration found in nature. The topic includes the origin and maintenance of sexually selected and naturally selected coloration and textbook examples of coevolutionary processes such as mimicry, warning coloration, camouflage, pollination, seed dispersal, and predator-prey and host-parasite interactions. It has engaged the minds of some of the most eminent evolutionary biologists-from Darwin, Wallace, and Gould to Cott, Ford, Fisher, Tinbergen, and Hamilton. Understanding animal coloration is invariably aided by knowledge of the visual abilities of the animals that have evolved to receive the color signals. But while much of the coloration that demands explanation has been apparent to evolutionary biologists since the 1850s, this is not the case with visual abilities. Color vision in probably the best-studied invertebrate, the honeybee, was not proved until von Frisch's (1914) work, although Lubbock (1888) demonstrated color vision in Daphnia and thought that honeybees associated food and color. In humans, trichromacy was first hypothesized in the eighteenth century (Mollon 1989; Kelber et al. 2003) , but it was also not until the 1980s that cone spectral sensitivities were first directly measured (Bowmaker and Dartnall 1980) . Major patterns in mammalian color vision were not apparent until the 1980s, with the publication of Jacobs's (1981) book Comparative Color Vision. Over the past two decades, extensive comparative studies have revealed major trends in color vision of vertebrates and invertebrates (reviewed in Goldsmith 1990; Jacobs 1993; Cuthill et al. 2000; Briscoe and Chittka 2001; Hart 2001; Kelber et al. 2003; Osorio and Vorobyev 2005; Hart and Hunt 2007) . Consequently, accounts of the evolution of the diversity of animal color vision are relatively recent. Key issues here concern the bases for spectral sensitivity functions, the tuning of spectral photoreceptors, and why some taxa are dichromatic (e.g., many mammals), others trichromatic (e.g., humans and bees), and others probably tetrachromatic (e.g., many if not most birds; Kelber et al. 2003) . A further puzzle is provided by the finding that while there is much diversity among major taxonomic groups, there is rather little variation in receptor spectral sensitivities within terrestrial taxa such as birds (Hart 2001) , Hymenoptera (Briscoe and Chittka 2001) , and Old World primates (Kelber et al. 2003) .
In the past decade, a fundamental change has occurred in how color is measured, considered, and analyzed in evolutionary and ecological studies, particularly of birds. Previously, the implicit assumption was made in virtually all studies of avian coloration that birds saw colors in much the same way as humans . A publication in American Naturalist suggested that this approach was flawed ; the main evidence was that because of the work of Burkhardt, Goldsmith, and colleagues (reviewed in Bennett and Cuthill 1994; , many birds appeared to be UV sensitive and possibly tetrachromatic; thus, birds appeared not only to be sensitive to a range of wavelengths to which humans were blind but also to see a range of colors that humans could not perceive. A fundamental change in approach was suggested, including use of spectrometers sensitive to the UV-A and encompassing the entire bird visible waveband (ca. 300-700 nm), in order to assess coloration objectively .
It is surprising that it took so long for practitioners of color measurement in ecology, behavior, and evolutionary biology to incorporate knowledge of their animals' spectral range and color vision. In studies of honeybees and insects, UV sensitivity and UV cues were widely considered (e.g., Kevan 1978; Silberglied 1979; Chittka and Menzel 1992) . And Lythgoe (1979) , Endler (1978 Endler ( , 1990 , Burkhardt (1982 Burkhardt ( , 1989 , Burkhardt and Finger (1991) , and visual physiologists had advocated taking account of an animal's vision in understanding color signaling, although apart from Burkhardt, the UV-A sensitivity of birds (and their probable tetrachromacy) seems to have been overlooked by these authors. Moreover, tuning of sensory capabilities to relevant sensory information is a fundamental principle of sensory biology (Endler 1978 (Endler , 1990 Lythgoe 1979; Bradbury and Vehrencamp 1998) , and sensory drive and sensory exploitation hypotheses (Ryan 1990; Endler 1992; Basolo and Endler 1995) explicitly hypothesize that sensory capabilities that have evolved for one purpose may be evolutionarily co-opted for other purposes.
Ultraviolet vision in birds was known from the early 1970s, having first been demonstrated in hummingbirds by Huth and Burkhardt (1972) and in pigeons by Wright (1972) , using behavioral methods (e.g., operant conditioning). So why was it being ignored by practitioners of color measurement in evolutionary and behavioral ecology? There were several reasons. One was the misunderstanding that color as perceived by humans represents an objective reality . Another was that practitioners of avian color measurement were either unaware of Burkhardt's and Wright's findings or did not want to deal with the potential complications arising from them . A common view in behavioral ecology at the time was that to understand function one did not need to understand the underlying mechanisms (Krebs and Davies 1987) . Finally, spectrometers were expensive, cumbersome, and time-consuming to operate, and only in the late 1980s did the first models begin to incorporate the UV waveband in single 300-700-nm scans (e.g., Burkhardt 1989; Burkhardt and Finger 1991) .
Several factors contributed to the change in approach during the past decade. Increasing numbers of birds and other vertebrates were shown to be sensitive to the UV-A waveband (320-400 nm; e.g., Burkhardt and Maier 1989; Jacobs et al. 1991; Jacobs 1992; Bennett et al. 1996; Bowmaker 1998; Hart et al. 1998 Hart et al. , 1999 Hart et al. , 2000 Wilkie et al. 1998; Losey et al. 1999; Hunt et al. 2001) . Experiments showed that UV information was consistently used in avian mate choice and foraging tasks (e.g., Bennett et al. 1996 Bennett et al. , 1997 Hunt et al. 1997; Johnsen et al. 1998 Johnsen et al. , 2003 Smith et al. 2002b ). Miniaturization and price reductions of spectrometers meant reflectance and radiance spectra over the 300-700-nm range could be readily gathered. Evidence accumulated showing that there was interesting variability in UV reflectances from plumage and skin that had to be explained (Burkhardt 1989; Endler 1990; Burkhardt and Finger 1991; Andersson 1996; Endler and Théry 1996; Bennett et al. 1997; Andersson et al. 1998; Prum et al. 1998 Prum et al. , 1999 Cuthill et al. 1999; Sheldon et al. 1999 ). Thus, it was increasingly recognized that it was prudent and practical to consider the UV-A waveband and the entire avian visible range rather than to rely on human color vision or standards based thereon ) when assessing animal coloration.
This special issue focuses on birds as a model system. Contributions have been based around presentations at the Second European Conference of Avian Colour Vision and Coloration, in Paris, which we organized with Susana Santos and which brought together many of the leading researchers in avian color vision and coloration. With 12 articles from scientists in Europe, North America, and Australia, it illustrates numerous current approaches and opportunities for application to nonavian taxa. Initial articles concentrate on mechanisms of color vision, with later ones on coloration. Contributions reflect much of the multidisciplinary diversity of research in the field and include retinal physiology and molecular biology of photopigments, psychophysics, and learning rules, colorimetry of feathers, fleshy ornaments and fruits, mechanisms of color production in feathers, and the role of bacteria and possible cosmetics in modifying plumage coloration. All main feather types are included (e.g., structural iridescent, structural blues/UV, pigments). And there are both crossspecies studies and detailed investigations of single species, including the estimation of fitness components.
Why Birds?
Why concentrate on the color vision and coloration of one class of animals-birds? First, birds have some of the most spectacular visual displays among animals, which demands explanation. Second, birds are visually guided creatures with extraordinary eyes; indeed, they have perhaps the most richly endowed visual system of any vertebrate (Goldsmith 1990) . For example, their compound eyes have multiple foveas and, usually, five different types of cone cells (compared to three in humans; Cuthill et al. 2000; Hart et al. 2000; Hart and Hunt 2007) , and their eyes make up a high proportion of the mass of the head (Martin 1993) . Third, there is a vast literature on avian coloration and vision that extends from lab-based behavioral, molecular, physiological, and chemical studies to field studies of ecology and evolution. Thus, the fitness consequences of variation in traits can be determined, and cross-species studies and multidisciplinary investigations can be carried out, probably more readily than in other taxa where vision has been intensively studied (such as rodents, humans, and nonhuman primates). Fourth, birds occur in all continents and terrestrial ecosystems (Newton and Brockie 2003) ; they are often the dominant predator of many terrestrial invertebrates, so classical studies of crypsis, mimicry, and warning coloration in insects involve birds as the receiver of the color signals ; many seeds and fruits are bird dispersed, many flowers are bird pollinated, and avian feathers are affected by ectoparasites. Thus, an understanding of avian coloration involves insights into coloration at multiple trophic levels in diverse ecosystems.
Birds provide a model system for investigating the evolution of coloration and color vision for several reasons. The UV-A sensitivity and the spectral sensitivity range of approximately 300-700 nm that now seem widespread among birds (Håstad and Ö deen 2001; Hart and Hunt 2007 ) also occur in other vertebrates. For example, UV-A sensitivity occurs in many fish and some reptiles, amphibians, rodents, and marsupials (Goldsmith 1990; Jacobs 1992 Jacobs , 1993 Arrese et al. 2002; Kelber et al. 2003; Hart and Hunt 2007) . Likewise, tetrachromatic color vision occurs in some fish (Neumeyer 1992) and Lepidoptera (Briscoe et al. 2003) . Thus, we can see that an understanding of color vision and coloration in birds aids the understanding of these phenomena in other taxa. And approaches successfully employed on birds can be applied to other taxa.
What Is Color?
Color vision is best thought of as the ability to discriminate variation in a spectrum of light from changes in overall intensity of light; it requires comparison of responses in two or more spectral types of photoreceptors (i.e., opponency; Kelber et al. 2003; Osorio and Vorobyev 2005) . Color vision is different from achromatic (or luminance) vision, which is the ability to discriminate differences in intensity of light; this requires only one photoreceptor type, or summation of outputs from several (Wyszecki and Stiles 1982; Kelber et al. 2003; Osorio and Vorobyev 2005) . Animals often use chromatic and achromatic signals for different purposes. For example, primates use luminance vision for form and texture perception (Osorio and Vorobyev 2005) .
Thus, "color" is a perceptual construct, and the sensation of color arises because of differences in the outputs of photoreceptor types. Color vision requires comparison of outputs of photoreceptors with differing spectral sensitivities. Some contend that "true" color vision entails, in addition, an ability to learn about color or even some type of internal representation that allows the animal to experience color sensations (Kelber et al. 2003) . It is well known that most humans are trichromats, that is, that any color can be matched by mixing three (suitable) primaries (Mollon et al. 2003 ). This trichromacy is, of course, based on our three cone types, which are maximally sensitive at about 430, 530, and 560 nm (Kelber et al. 2003; Mollon et al. 2003) . The relationship of color appearance to these receptor excitations (and subsequent chromatic opponency) and to other neural mechanisms is complex and is poorly understood even for humans (Wuerger et al. 2005) . It is perhaps not surprising that terms to describe color and light are sometimes used inconsistently or inaccurately in the literature on animal vision and coloration. Excellent sources and explanation of color terms exist, and the reader is referred to these, for example, Lythgoe (1979) , Wyszecki and Stiles (1982) , Endler (1990) , Kelber et al. (2003) , and publications and the Web site of the Commission Internationale de l'Eclairage (CIE).
Many birds are now thought to be tetrachromatic, with four single-cone types contributing to their color vision, one of these sensitive in the UV-A waveband Osorio et al. 1999a Osorio et al. , 1999b Hart et al. 2000; Hart 2001; Goldsmith and Butler 2003, 2005; Kelber et al. 2003; Endler and Mielke 2005; Osorio and Vorobyev 2005; Hart and Hunt 2007) . Patterns of interspecific variation in avian photoreceptor types, particularly in the ultraviolet-and violet-sensitive (VS) receptor are reviewed by Hart and Hunt (2007) . Particular tetrachromatic models of avian color space are described in , Osorio et al. (1999b) , Goldsmith and Butler (2003, 2005) , and Endler and Mielke (2005) . Considerable support exists for those based on the Vorobyev and Osorio model , in which receptor noise determines color discrimination thresholds.
Birds are highly visual animals and use visual cues in many tasks, but how do we know if they are using color vision in a particular task? There are surprisingly few cases in which appropriately controlled investigations allow one to distinguish between these alternatives. So in the title of this special issue, we use the terms "color vision" and "coloration" broadly, so as not to restrict our studies to only those situations where chromatic features of an object are known to be used. Besides, it is worthwhile to understand the origin and maintenance of variation in achromatic plumage and luminance vision.
Future Directions
Several future research directions seem likely.
Multilevel investigations. Multidisciplinary, multilevel investigations of the evolution of avian coloration and color vision will increase in prevalence. Research funding programs emphasizing integrative and systems biology should help.
Model testing. Models of avian color vision will benefit from further testing and refinement. For example, how many opponency channels are there? Do the conclusions derived from chicks and budgerigars apply generally across birds? Under what range of illuminants does the model hold? Behavioral tests of the predictions of the model, such as those by Osorio et al. (1999a Osorio et al. ( , 1999b on chicks and Goldsmith and Butler (2003, 2005) on budgerigars, are extremely valuable and should be encouraged. So are tests of whether UV or VS receptor functions are used in opponency mechanisms (e.g., Goldsmith and Butler 2005; Smith et al. 2002a) .
Double cones. These cells make up around 50% of cones in the avian retina, but their function remains unclear, although a role in luminance vision and/or motion perception seems likely (von Campenhausen and Kirschfeld 1998; Osorio et al. 1999b; Goldsmith and Butler 2005; Hart and Hunt 2007) . The function of avian double cones needs to be determined with more confidence across a range of species and under a range of illuminants.
Spectrometers. The ready availability of cheap, miniaturized spectrometers means that much spectral information will be gathered on birds and other taxa. However, it is easy to gather inaccurate or poor data. One needs to fully understand the limitations and workings of the equipment, have regular and thorough maintenance and calibration of standards and spectrometers, realize that different geometries of illumination and reflection measurement can generate different results Osorio and Ham 2002; Madsen et al. 2007 ), understand color measurement in general, and implement sound sampling methods and statistical analysis of the resulting spectra.
Spatiochromatic interactions. Spectrometers over the avian visible range have dramatically improved our understanding of animal coloration and, if carefully used, allow one to accurately record reflectances from small areas on surfaces and radiances and irradiances of light environments. However, the spatial structure of the chromatic aspects of scenes is invariably lost. There are currently no off-the-shelf products for recording the spatiochromatic content of natural scenes including the UV-A waveband, but hyperspectral imaging is possible (e.g., Chiao and Cronin 2002) .
Visual perception. Visual perception has been well studied in humans, other primates, and honeybees (Bruce et al. 2003; Snowden et al. 2006) . Application of successful approaches and protocols developed for these taxa should prove useful in studies of avian visual perception (e.g., Stevens and Cuthill 2006) . Applications to nonavian taxa. Approaches and models developed for birds are likely to be applied, with suitable modifications, to nonavian taxa. The taxa most likely to benefit will have similar visual systems (e.g., tetrachromatic, UV-A sensitive) or similar types of reflecting integuments. For example, keratin, melanin, and structural coloration are found in the integuments of many nonavian taxa, so techniques developed for measuring structural plumage of birds (e.g., Bennett et al. 1997; Cuthill et al. 1999; Ö rnborg et al. 2002; Osorio and Ham 2002; Madsen et al. 2007 ) can be applied with modification to these taxa. Likewise, protocols developed for testing color discrimination in birds (Osorio et al. 1999a; Smith et al. 2002a; Goldsmith and Butler 2005) can be applied to other taxa. And color space models considered appropriate for birds should be tested on other taxa with similar visual systems.
It is clearly an exciting time to be studying animal coloration and color vision, and over the next decade new insights will be found into issues of long-standing interest in evolutionary biology. We hope that this special issue helps stimulate work on the topic. sponsored the conference, and by the Centre National de la Recherche Scientifique through UMR 5176 and Institut Fédératif de Recherche 101.
